Abstract. Parkinson's disease (PD) can include a progressive frontal lobe ␣-synucleinopathy with disability from cognitive decline and cortico-limbic dysregulation that may arise from bioenergetic impairments. We examined in PD frontal cortex regulation of mitochondrial biogenesis (mitobiogenesis) and its effects on Complex-I. We quantified expression of 33 nuclear genome (nDNA)-encoded and 7 mitochondrial genome (mtDNA)-encoded Complex-I genes, 6 Complex-I assembly factors and multiple mitobiogenesis genes. We related these findings to levels of Complex-I proteins and NADH-driven electron flow in mitochondria from these same specimens reported in earlier studies. We found widespread, decreased expression of nDNA Complex-I genes that correlated in some cases with mitochondrial Complex-I protein levels, and of ACAD9, a Complex-I assembly factor. mtDNA-transcribed Complex-I genes showed ∼ constant expression within each PD sample but variable expression across PD samples that correlated with NRF1. Relationships among PGC-1␣ and its downstream targets NRF1 and TFAM were very similar in PD and CTL and were related to mitochondrial NADH-driven electron flow. MicroRNA arrays revealed multiple miRNA's regulated >2-fold predicted to interact with PGC-1␣ or its upstream regulators. Exposure of cultured human neurons to NO, rotenone and TNF-alpha partially reproduced mitobiogenesis down-regulation. In PD frontal cortex mitobiogenesis signaling relationships are maintained but down-regulated, correlate with impaired mitochondrial NADH-driven electron flow and may arise from combinations of nitrosative/oxidative stresses, inflammatory cytokines, altered levels of mitobiogenesis gene-interacting microRNA's, or other unknown mechanisms. Stimulation of mitobiogenesis in PD may inhibit rostral disease progression and appearance of secondary symptoms referable to frontal cortex.
INTRODUCTION
Parkinson's disease (PD) is the second most prevalent neurodegeneration of adults and develops pre-clinically in enteric, olfactory, thoracic sympathetic and medullary neurons before involvement of substantia nigra, where significant neurodegeneration yields the diagnostic bradykinetic movement * Correspondence to: James P. Bennett disorder late in the pathological progression. Appearance of movement deficits occurs after >50% of nigral dopamine neurons have died, by which time Lewy neurite aggregation pathology has already spread rostrally into limbic cortex, followed by progressive involvement of frontal lobes [1] [2] [3] [4] [5] [6] [7] .
Increasingly successful management of PD motor deficits with drugs and paced electrical brain stimulation in globus pallidus interna or subthalamic nucleus has revealed the progression of "secondary symptoms", such as depression, cortico-limbic dysregulation, cognitive impairment, psychosis and autonomic dysfunction, to be primary disabilities for many with PD [8, 9] . Molecular events initiating neurodegeneration ("genesis events") may not be the same as those causing disease progression, both within individuals over time and across populations of PD patients. Such molecular heterogeneity in the setting of close clinical phenotypic similarity of persons with the most prevalent form of sporadic, non-autosomal PD should not be surprising in light of the mutations in seemingly diverse genes responsible for rare, autosomal parkinsonism [10] [11] [12] [13] [14] [15] .
A major insight into pathogenesis of sporadic PD derived from a gene expression meta-analysis involving individual PD nigral neurons, PD nigral homogenates, preclinical ("incidental Lewy body disease") nigral homogenates, PD putamen homogenates and PD lymphoblasts from living patients. A consistent finding was down regulation of multiple mitochondrial energy metabolism gene sets [16] . As many of these genes were regulated by the master metabolism and mitochondrial biogenesis transcription factor PGC1␣ [17] , the authors proposed that PGC1␣ represented a viable target for manipulation to improve PD bioenergetics [16] .
Mitochondrial Complex-I is the entry point for transfer of electrons from oxidation of NADH, the major energy carrier from intermediary metabolism. In the same PD postmortem frontal cortex samples used for the present study, we have shown that Complex-I proteins are oxidatively damaged, misassembled and have slowed electron transfer rates from NADH [18] . In these preparations, levels of oxidative damage to Complex-I subunits correlated with reduced NADHdriven electron transfer rates [18] . Levels of multiple Complex-I protein subunits were substantially reduced in the respirasomes of these PD samples, consistent with misassembly, under expression, enhanced degradation, or some combination [19] . To explore further how Complex-I production is regulated in these PD frontal cortex samples, we undertook a comprehensive, qPCR-based examination of expression of Complex-I genes coded for by the nuclear genome (nDNA, 33 out of 38) and mitochondrial genome (mtDNA, 7 out of 7). In addition we examined expression of genes for the 6 known Complex-I assembly factors and several upstream transcription factors involved in mitochondrial biogenesis (mitobiogenesis) [17, 20, 21] .
We related the reduced expression of specific nDNA-encoded Complex-I genes to mitochondrial levels of their protein products. We found reduced expression of several mitobiogenesis transcription factors/cofactors, related those levels to mitochondrial NADH-driven electron transfer rates and searched for brain microRNA's that could be involved in regulation of these factors. Finally, to mimic the oxidative-nitrosative stress and inflammatory cytokine environment of PD neurons in situ, we exposed human neurons in culture to DETA-NO, alone or in combination with TNF-alpha or rotenone and assayed the effects of these exposures on mitobiogenesis gene expression.
Overall we found in PD frontal cortex a pervasive downregulation of nuclear-encoded Complex-I gene expression that was associated with decreased expression of mitobiogenesis factors, loss of a recently described Complex-I assembly factor ACAD9 and regulation of some but not all examined Complex-I proteins. Relationships between PGC-1␣ and its downstream mitobiogenesis factors NRF1 and TFAM were ∼identical in PD brains compared to CTL and predicted mitochondrial NADH-driven electron transfer rates. These findings suggest that the deficit in PD is at or above the level of PGC-1␣ expression, which in turn is regulating Complex-I mitochondrial electron transfer function. Regulation of expression of the seven mtDNA-encoded Complex-I genes varied across PD samples and was directly related to NRF1. We also found changes in PD brain microRNA's that could alter PGC-1␣ expression, as well as downregulation of mitobiogenesis in human neurons elicited by combinations of oxidative/nitrosative stress and cytokine (TNF-␣). Thus, mitobiogenesis is impaired in PD frontal cortex with bioenergetic consequences at Complex-I, but the underlying mechanisms are likely multifactorial.
MATERIALS AND METHODS
Frontal cortex grey matter ribbons from PD and CTL brain samples were retrieved from the University of Virginia Brain Resource Facility where samples had been collected under an IRB-approved protocol. Total RNA including micro RNA's was isolated using Qiagen (Valencia, CA) miRNeasy ® kits. BeckmanCoulter Genomics (Morrisville, NC) carried out the miRNA arrays using Agilent Human miRNA Version 3 microarrays. All microarray data was processed using Genespring GX v11 (Agilent Technologies). cDNA preparations were made using iScript (Bio-Rad, Hercules, CA) and random hexamer primers. Multiple cDNA preparations from each brain RNA sample were made at the same time and pooled. In this manner, all qPCR assays could be performed from the same cDNA lots. qPCR primers and multiplex probes were designed with Beacon Designer ® (Premier Biosoft International, Palo Alto, CA), which did not allow creation of acceptable qPCR primer pairs for 5 of the 38 nDNA-encoded Complex-I genes. qPCR was carried out in a CFX96 thermocycler (Bio-Rad) using BioRad master mixes for either syber green detection for individual genes or a multiplex approach for detection of housekeeping genes. All qPCR experiments on human brain tissue were carried out by the same operator (RRT) who was blinded as to their identity. The primer/probe sequences used are available from the authors (JPB).
Presentation of frontal cortical mitochondrial NADH-driven electron transfer (assayed as superoxide production rate) and mitochondrial levels of Complex-I proteins have previously been reported from our group in Keeney et al. [18] and Arthur et al. [19] , respectively. In these earlier studies we used many of the same CTL and PD frontal cortex samples used in the current study. Where overlap existed among sample sources, we combined data for presentation in the current study.
DAN cell culture
Human Dopaminergic Neuronal Precursor Cells (DAN) were purchased from Clonexpress (Gaithersburg, MD) and cultured according to the supplier's instructions. Briefly, cell pellets were thawed, spun and transferred to a T75 flask with growth medium consisting of DMEM/F12 1 : 1 (Hyclone,Logan Utah), 5% fetal bovine serum (Hyclone), Antibiotic/Antimycotic (Invitrogen, Carlsbad, CA), 10 ng/ml bFGF (Sigma, St Louis, Mo) and 10 ng/ml GDNF (Sigma). Seven days before experimental treatment, cells were lifted from the flask using Accutase (Invitrogen) and plated in 35 mm poly lysine coated dishes (MatTek, Ashalnd, MA) with differentiation medium consisting of DMEM/F12 1 : 1 (Hyclone), 5% fetal bovine serum (Hyclone), Antibiotic/Antimycotic (Invitrogen),10 ng/ml bFGF (Sigma, St Louis, Mo), 10 ng/ml EGF and 10 uM dibuturyl cAMP. For both growth and differentiation, medium was changed every 3 to 4 days and cells were kept at 37 • C in a humidified CO2 incubator.
Treatment of DAN cells and nucleic acid purification
After seven days of differentiation, culture medium was removed and replaced with the NO generator 100 uM DETA-NO (Sigma), 1 ng/ml TNF␣ (Sigma), 30 nM rotenone or a combination of these in differentiation medium. Culturing continued for seven days with a medium exchange at day three. On day seven cells were lifted with Accutase (Invitrogen), washed, and each pellet sonicated in 350 ul Buffer RLT Plus (Qiagen). DNA and RNA were isolated from independently cultured triplicate samples for each treatment using the AllPrep DNA/RNA Mini Kit (Qiagen) and quantified using a NanoDrop 2000c. 372 ng of RNA from each sample was reverse transcribed to cDNA using iScript kit (Bio-Rad, Hercules, CA).
Graphing and statistics
GraphPad Prism ® (GraphPad Software) was used to construct all graphs. Statistical analyses were carried out using Prism and InStat (GraphPad Software).
RESULTS
For this study we used frontal cortex samples (8 PD, 8 CTL) from many of the same cases used in our earlier studies [18, 19, 22] . In these studies we showed that PD cortex gradient-purified mitochondria had reduced NADH-driven electron flow with increased oxidative damage to immunocaptured Complex-I proteins [18] . The loss of NADH-driven electron flow correlated with degree of oxidative damage [18] . Complex-I was misassembled, with reduced levels of individual Complex-I proteins normalized to mitochondrial mass [19] .
In the present study we undertook a more extensive examination of Complex-I regulation in these PD frontal cortex samples. Figure 1 shows the results of qPCR analyses for 33 out of the 38 known nDNA-encoded Complex-I genes ("NDU"), where their expression is presented as expression relative to the averaged value for the 8 CTL samples. When results from all NDU genes were grouped together, there was a highly significant 54% reduction in expression in the PD samples, with a biphasic distribution relative to CTL (Fig. 1) .
Expression of individual NDU genes varied in PD cortex relative to mean control values (Fig. 2) . Sixteen showed greater than two-fold decreases (%CTL <50%).
Complex-I assembly is a complex process that depends on the availability of assembly factors. Figure 3 shows that of the six known Complex-I assembly factors examined, expression of the recently described ACAD9 [23] was decreased to <20% CTL and stood out from changes in the expression levels of the other five known Complex-I assembly factors.
We then compared normalized expression levels of four Complex-I proteins (present study) to porinnormalized levels of the same Complex-I proteins in gradient-purified mitochondria reported in an earlier study [19] . Figure 4 shows that for NDUFB4 and NDUFA9, but not for NDUFS3 or NDUFB8, there were moderate correlations among gene expression levels and mitochondrial protein levels.
The reduction of multiple nDNA-encoded Complex-I genes could arise in part from reductions in mitobiogenesis signaling. Figure 5 presents results from analysis of expression of upstream genes (TFAM, Frontal cortex, gradientpurified mitochondrial protein levels normalized to porin were determined as described in Arthur et al. [19] and used many of the same samples as in the present study. All values are presented as % of mean CTL values for both PD (n = 7-8) and CTL (n = 4-5) samples.
TFB1M, PGC-1␣, NRF1) that regulate mitochondrial biogenesis [17, 20, 21] . All showed a significant effect by two-way ANOVA of disease on expression in brain.
We were then curious as to whether mitobiogenesis signaling was preserved in PD, in terms of upstreamdownstream relationships. Figure 6 shows that the normalized expressions of the "downstream" mitobiogenesis genes nuclear respiratory factor-1 (NRF1) and mitochondrial transcription factor A (TFAM), but not that of mitochondrial transcription factor B1 (TFB1M), correlated well with that of the master mitobiogenesis "upstream" cofactor PGC-1␣ in both PD and CTL samples. For NRF1 and TFAM, the correlation lines against PGC1␣ were almost identical in PD and CTL samples, suggesting similar biological control.
If expression of PGC-1␣ and its downstream mitobiogenesis signaling factors relate to control of Fig. 7 . Relationships among expression levels of mitobiogenesis transcription factors and mitochondrial NADH-driven electron transfer rates. Gradient-purified mitochondria and their NADHdriven superoxide production rates were measured in PD and CTL frontal cortex samples as described in Keeney et al. [18] . Shown are their relationships to normalized expression of mitobiogenesis transcription factors in the same samples used in the present study. mitochondrial bioenergetics in our frontal cortical samples, then there should be relationships among the expressions of the mitobiogenesis factors and mitochondrial NADH-driven electron flow. Figure 7 shows that this appears variably to be the case for all the mitobiogenesis factors, if outlier values (circled) are not considered. Figure 8 shows that expression of the Complex-I assembly factor ACAD9, which was reduced >80% in PD samples, correlated variably in CTL but not PD samples with mitobiogenesis factors. This suggests that ACAD9 is not regulated in PD cortex by these factors in the manner that NRF1 and TFAM appear to be regulated by PGC1␣ (Fig. 6) .
We next examined expression patterns for the seven Complex-I genes ("ND") coded by mtDNA. Figure 9 shows that there was substantial heterogeneity among the PD samples in terms of levels of ND gene expression. Overall, relative expression levels were very similar within a sample, with over-or under-expression relative to mean CTL values across individual samples.
Because the relative expression levels of the seven mtDNA Complex-I "ND" genes within a given sample were so similar, we averaged them and sought to determine any relationships between the ND expression levels and those of mitochondrial biogenesis factors presented in Fig. 5 . We found no apparent relationship except for NRF1, where as shown in Fig. 10 there was a significant correlation among averaged ND gene expression levels in a given sample and that sample's relative expression level for NRF1.
We searched for changes in expression of the zincfinger protein ZNF 746, also known as "PARIS", that appears capable of regulating PGC-1␣ expression [24] . We did not find any changes in PARIS expression in our PD brain samples (CTL = 100 ± 12%; PD = 92 ± 11% of mean CTL).
MicroRNA's are non-coding, small RNA molecules that can increase or decrease transcript stability and translation [25] . We assayed relative miRNA levels in our PD and CTL brain samples using Agilent miRNA arrays and Genespring XL to process results. We identified 48 miRNA's that were regulated >2-fold in the PD samples. Of these, microRNA.org (http:// cbio.mskcc.org/microrna-previous/getGeneForm.do) predicted 11 miRNA families that could interact with PGC-1␣, or its upstream regulators (MEF2, FOXO1, ATF2, CREBx) ( Table 1) . We then attempted to mimic the stressful environment, which PD brain cells might experience [26, 27] , to determine if such in vitro conditions altered mitobiogenesis signaling. We used human DAN neurons grown in differentiation media (supplemental Figure  1) and exposed to the long acting NO generator DETA-NO, or DETA-NO and the cytokine TNF-alpha, or DETA-NO, TNF-alpha and the Complex-I inhibitor rotenone. As shown in Fig. 11 , one week of these exposures tended to up regulate TFAM but down regulate PGC-1␣, TFB1M and NRF1. These exposures produced ∼50% loss of cells in one week (not shown).
DISCUSSION
Our findings add to the accumulating evidence that PD brains experience a paradoxical "divorcing" of their mitochondria, manifested by widespread down regulation of energy producing genes in multiple sites with the brain, in brain tissue from those not yet with clinical PD but likely to develop it, and in peripheral PD tissues [16] . Many of the under-expressed genes found in PD tissues are regulated by the master mitobiogenesis coactivator PGC-1␣ [16, 17, 20, 21, 28] . We found in our PD brain samples that linear correlations between expression of PGC-1␣ and its downstream targets NRF1 and TFAM were preserved ∼ identically to those of CTL brains. This suggests that the problem in PD brain does not lie with mitobiogenesis signaling downstream of PGC-1␣, which appears preserved, rather that the upstream signaling is impaired.
A recent discovery in this area is the parkininteracting, zinc-finger protein ZNF746 (PARIS) that regulates nigral neuron PGC-1␣ expression [24] . We did not find PARIS expression to change in our PD brains in this study, indicating that dysregulation of PARIS expression is not likely to be the explanation of impaired mitobiogenesis in our samples.
Whatever the mechanisms are for impaired mitobiogenesis signaling in our frontal cortical samples, mitobiogenesis signaling factor expression appeared to predict mitochondrial respiratory electron transfer rates as reflected by NADH-driven superoxide production [18] . This observation defines the existence of a fundamental relationship between mitobiogenesis signaling factor expression and a reduction of physiological (NADH-driven) mitochondrial electron transfer function in PD frontal cortex.
Complex-I is the largest multi-protein Complex in the respirasome [29] and is responsible for oxidizing the eight molecules of NADH formed from by oxidative decarboxylation of glucose-derived pyruvates in the tricarboxylic acid cycle. In PD frontal cortex samples, we found that Complex-I is oxidatively damaged and has reduced NADH-driven electron flow [18] . This reduced NADH-driven electron flow correlated with the level of oxidative damage to Complex-I proteins, implying a causal relationship [18] .
In the same PD frontal cortex samples used in the present study, levels of multiple Complex-I protein subunits in gradient purified mitochondria were also reduced [19] . Because these Complex-I protein subunit levels were normalized to porin, this implies that either their synthesis was impaired, their incorporation into respirasomes was reduced, their degradation was increased, or some combination of processes occurred. We found that two (NDUFB4, NDUFA9) out of the four genetically defined nDNA-encoded Complex-I proteins reduced in mitochondria isolated from our PD frontal cortical samples [19] appear to be primarily transcriptionally regulated. It is not known to us how the other two Complex-I proteins (NDUFS3, NDUFB8) are primarily regulated, but the mechanisms appear to be post-transcriptional.
Complex-I assembly is also regulated by at least six known assembly factors, including the recently described ACAD9, a member of the acyl-CoA dehydrogenase family [23] . ACAD9 closely resembles very long-chain acyl-CoA dehydrogenase (VLCAD) that is involved in mitochondrial beta-oxidation of longchain fatty acids. ACAD9 binds to the previously recognized Complex-I assembly factors NDUFAF1 and Escit, which showed much less reduction in our PD samples [23] . It is not clear why ACAD9 expression was so markedly reduced (∼87%) in our samples, but this finding suggests that PD brain Complex-I may experience mis-assembly as a result of ACAD9 deficiency, in addition to reduced expression of multiple nDNA-encoded Complex-I subunits. We did not find any evidence that ACAD9 expression was related to mitobiogenesis gene signaling, implying that it is separately regulated.
PD brains have been shown to experience increased nitrosative and oxidative stresses [18, 30] and demonstrate microglial activation with increased levels of apoptosis-inducing cytokines, including TNF-␣ [26] . We attempted to mimic the environment of nitrosative stress, oxidative stress and elevated cytokines by incubating differentiated human DAN neurons with NO, ± TNF-alpha, ± rotenone for 3 days. We reproduced some (NRF1,TFB1M, PGC-1␣), but importantly not all (TFAM) of the trends for change in expression of mitobiogenesis factors found in PD brain. This suggests that the toxic environment observed in PD brain could contribute to impaired mitobiogenesis signaling but is not likely to be the complete explanation.
In summary, our findings in PD frontal cortex samples support and extend the earlier findings that PD subjects appear to have a widespread brain and systemic down-regulation of mitochondrial energy production [16] . We found apparent preservation of upstream-downstream mitobiogenesis signaling relationships, but a widespread decrease in expression of multiple nDNA-encoded Complex-I genes. Both the changes in mitobiogenesis factors' expressions and nDNA-encoded Complex-I gene expressions appeared to have functional correlates with NADH-mediated electron flow and some mitochondrial protein levels, respectively. We found a completely different regulation pattern of the 7 mtDNA-encoded Complex-I genes that are believed to be involved mainly in proton pumping [31, 32] . Our findings imply that these two gene families are independently regulated in PD brain and linked together by expression of upstream mitobiogenesis factors [17, 20, 21] .
The origins of these important bioenergetic changes in PD brain are likely multifactorial. Our initial experiments suggest that local environmental changes and microRNA expression alterations are potentially involved. If true, the relative proportion of involvement in individual cases may be heterogeneous. We are intrigued by the finding that microRNA regulation of upstream regulators of PGC-1␣ expression may contribute to pathogenesis of our observed Complex-I subunit expression changes.
We also do not know if markers for impaired mitobiogenesis could represent reliable biomarkers for PD development. We are exploring the possibility that peripheral cell expression of mitobiogenesis and mitochondrial bioenergetic genes, along with altered microRNA levels, might be helpful in that regard.
Finally, our findings and those of others support the approach that stimulation of mitochondrial biogenesis could alter loss of bioenergetic activity in PD. Such an approach is now available with recombinant human TFAM that has consistently stimulated mitobiogenesis in a variety of cell models and in vivo in mice [33] [34] [35] [36] [37] . If frontal cortex mitobiogenesis can be stimulated in PD, appearance and progression of disabling cognitive and behavioral deficits in this disease might be slowed.
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Supplemental Figure 1 . Human DAN neurons in culture, immunostained for Complex-I (green), counterstained with MitoTracker Red and DAPI (blue).
